1. Introduction {#sec1-materials-12-02800}
===============

Nowadays, damping materials have been widely applied in the mechanical vibration field. Among the numerous damping materials, polymer composites have been extensively researched for their excellent physical and chemical properties \[[@B1-materials-12-02800],[@B2-materials-12-02800]\]. However, it is a challenge to improve the damping performance without sacrificing the mechanical strength of rubber composites \[[@B3-materials-12-02800]\]. Carbon nanomaterials can be used to increase the damping properties of a polymer due to the frictional energy dissipation during interfacial sliding. In many reports \[[@B4-materials-12-02800],[@B5-materials-12-02800],[@B6-materials-12-02800],[@B7-materials-12-02800]\], the uniform dispersion of carbon nanomaterials in a polymer matrix can increase the interfacial interaction and thus improve the dynamic mechanical properties. Graphene has been the focus of the search for an ideal reinforcement for preparing high-performance composites. However, the poor compatibility and weak interfacial interaction between graphene and the polymer matrix are among the most important problems to address before further application. Many methods have been used to increase the dispersion in polymer matrixes, including covalent binding with free radicals \[[@B8-materials-12-02800],[@B9-materials-12-02800],[@B10-materials-12-02800]\] and dienophiles \[[@B11-materials-12-02800],[@B12-materials-12-02800],[@B13-materials-12-02800]\], grafting through the chemistry of epoxy and hydroxyl groups of GO \[[@B14-materials-12-02800],[@B15-materials-12-02800]\], and π‒π interaction with organic groups \[[@B16-materials-12-02800],[@B17-materials-12-02800],[@B18-materials-12-02800]\]. So far, there are still some difficulties in real-life application of modified graphene using these methods due to complex reaction conditions, hazardous organic solvents, difficult secondary modification, and so on. Thus, it is important to develop a highly effective and environmentally friendly method to prepare functionalized graphene.

Ionic liquids (ILs) have attracted extensive attention due to their unique properties like low toxicity, nonflammability, and recyclability \[[@B19-materials-12-02800]\]. Liu et al. \[[@B20-materials-12-02800]\] reported a green method to prepare ionic liquid functionalized multilayer graphene, in which ILs could be deposited on the surface of exfoliated multilayer graphene. This method has been regarded as a promising approach because it could circumvent the defects in graphene oxide derivatives \[[@B19-materials-12-02800]\]. Currently, various nanostructures, including mesoporous silica \[[@B21-materials-12-02800],[@B22-materials-12-02800]\], multiwall carbon nanotubes \[[@B23-materials-12-02800],[@B24-materials-12-02800],[@B25-materials-12-02800]\], and graphene oxide (GO) \[[@B14-materials-12-02800],[@B15-materials-12-02800]\], have been functionalized using ILs. Furthermore, some ILs with functional groups could be used as an efficient platform for further reaction with inorganic and organic materials \[[@B26-materials-12-02800],[@B27-materials-12-02800],[@B28-materials-12-02800]\].

In this work, a new method for the preparation of functionalized multilayer graphene was proposed. (BSO~3~HMIm)(HSO~4~) ILs-modified multilayers graphene (MLG) is an efficient platform for further grafting with KH550 to improve compatibility and interfacial interactions in the XNBR matrix. (3-aminopropyl) triethoxysilane (KH550) has been used to increase compatibility in polymer matrixes \[[@B29-materials-12-02800],[@B30-materials-12-02800],[@B31-materials-12-02800]\]. To explore the application prospects of this functionalization method, the (BSO~3~HMIm)(HSO~4~)/KH550-functionalized graphene was dispersed into a rubber matrix to estimate the dynamic mechanical properties.

2. Experimental {#sec2-materials-12-02800}
===============

2.1. Materials {#sec2dot1-materials-12-02800}
--------------

1-butylsulfonate-3-methylimidazolium bisulfate (BSO~3~HMIm)(HSO~4~) ILs and high-purity graphite rods were obtained from Lanzhou Institute of Chemical Physics (Lanzhou, China). Direct-current power supply was commercially obtained from HYELEC Co., Ltd. (Hangzhou, China). XNBR (1027) with an acrylonitrile mass fraction of 27% was obtained from NANCAR Co., Ltd. (Taiwan, China).

2.2. Surface Functionalization of Multilayer Graphene by (BSO~3~HMIm)(HSO~4~) and Silane Grafting {#sec2dot2-materials-12-02800}
-------------------------------------------------------------------------------------------------

(BSO~3~HMIm)(HSO~4~)/KH550-functionalized graphene was prepared according to four steps. First, two high-purity graphite rods were inserted as electrodes into the solution of water and 1-butylsulfonate-3-methylimidazolium bisulfate with a volume ratio of 10:1. Two high-purity graphite rods were placed parallel to each other and 2 cm apart in a 50-mL beaker. Direct-current power supply was explored to provide a static potential of 5 V. After 4 h, the electrolyte became black due to the exfoliation from the anode graphite surface. Secondly, the black solution with exfoliated graphene was centrifuged at a speed of 4000 rpm. The black precipitate was washed with absolute ethanol and deionized water several times. The as-obtained ILs-modified multilayer graphene was denoted as MLG1. Thirdly, KH550 was used as a grafting agent at 60 °C for 5 h and the product was isolated by centrifugation at 4000 rpm. Finally, the functionalized multilayer graphene was thoroughly washed with deionized water to remove KH550 monomers and dried in vacuum drying oven, and the as-prepared sample was denoted as MLG1-KH550. In order to estimate the reaction efficiency between (BSO~3~HMIm)(HSO~4~) and KH550, (BSO~3~HMIm)(HSO~4~) with different concentrations was added to regulate its density on MLG's surface. MLG2-KH550 and MLG3-KH550 were obtained by the same process with mixtures of water and (BSO~3~HMIm)(HSO~4~) at 10:2 and 10:3, respectively.

2.3. Characterization of Functionalized Multilayer Graphene {#sec2dot3-materials-12-02800}
-----------------------------------------------------------

FTIR spectra of untreated graphite, MLG1, and MLG1-KH550 samples were obtained by a Bruker VERTEX70 FTIR spectrometer (Bruker optik, Ettlingen, Germany). X-ray photoelectron spectroscopy (ESCALAB 250Xi, ThermoFisher Scientific, USA) was employed to explore the chemical state of typical elements on the functionalized multilayer graphene. The morphology of MLG-KH550 and XNBR/MLG-KH550 composites were determined by transmission electron microscopy (FEI, Hillsboro, OR, USA). The degree of defects in carbon materials was evaluated by Raman microscopy (Horiba LabRam HR800). The thermogravimetric curves of samples were investigated with a Thermal Analyzer (STA 449C, Netzsch, Germany) at a heating rate of 20 °C/min in flowing N2. Dynamic thermomechanical analysis was explored by DMA (TA Instruments, New Castle, DE, USA, stretching mode).

2.4. Preparation of Functionalized Multilayer Graphene Hybrid XNBR {#sec2dot4-materials-12-02800}
------------------------------------------------------------------

A twin-roller laboratory mill was employed to mix the rubber and filler. First, the MLG1-KH550 with additional content of 1.0 wt % was added to XNBR and they were mixed at room temperature until the filler had uniform distribution in the matrix. Secondly, the rubber mixture was placed in a metal mold for vulcanization. The vulcanization temperature was set at 145 °C for 10 min and the pressure dependence was under 10 MPa. Finally, the composites with different addition content (0.2, 0.5, 1.0, and 2.0 wt %) were prepared and to explore the performance characteristics. The composites with different content were denoted as XNBR/MLG1-KH550-0.2wt %, XNBR/MLG1-KH550-0.5wt %, XNBR/MLG1-KH550-1.0wt %, and XNBR/MLG1-KH550-2.0wt %, respectively.

3. Results and Discussion {#sec3-materials-12-02800}
=========================

A possible reaction pathway has been proposed \[[@B32-materials-12-02800],[@B33-materials-12-02800]\]. As seen in [Figure 1](#materials-12-02800-f001){ref-type="fig"}a, KH550 can easily hydrolyze in water and alkyl siloxane hydrolysis into silanol. Then, SO~3~H-functionalized ILs can react with amines to stabilize amino silane (KH550) in [Figure 1](#materials-12-02800-f001){ref-type="fig"}b. Finally, silanol can react directly with the hydroxyl groups. Thus, KH550 could be considered an efficient platform for secondary reactions with itself. As-prepared functionalized MLG could disperse well into the XNBR matrix to obtain a high-performance composite.

The preparation procedure of functionalized-MLG-enhanced XNBR nanocomposites is shown in [Figure 2](#materials-12-02800-f002){ref-type="fig"}. During the fabrication process, the HSO4^--^ anions were effectively intercalated into the interlayer spacing of graphite \[[@B19-materials-12-02800]\]. (BSO~3~HMIm)+ cations in ILs play an important role in the formation of free radicals, like 1-octyl-3-methylimidazolium free radicals that can connect on graphene via physicochemical interaction \[[@B20-materials-12-02800]\] and could react with KH550.

3.1. Surface Functionalization of Multilayer Graphene {#sec3dot1-materials-12-02800}
-----------------------------------------------------

After being modified by (BSO~3~HMIm)(HSO~4~), the surface morphology of graphene can be definitively identified by transmission electron microscopy (TEM). [Figure 3](#materials-12-02800-f003){ref-type="fig"} shows the structure of functional graphene created by the (BSO~3~HMIm)(HSO~4~) layer. The diffraction pattern of single-layer graphene shows a typical six-fold symmetry. Observing the TEM images of exfoliated functionalized graphene (as shown in [Figure 3](#materials-12-02800-f003){ref-type="fig"}a,b), high-order structures are clearly visible at the edge of graphene and the amorphous structures are randomly distributed on functional graphene basal planes. More such families of spots appear with the increasing density of (BSO~3~HMIm)(HSO~4~) on the graphene surface (in [Figure 3](#materials-12-02800-f003){ref-type="fig"}c,d). With the further increase in (BSO~3~HMIm)(HSO~4~), the amorphous structure are definitively identified and the families of spots disappear (in [Figure 3](#materials-12-02800-f003){ref-type="fig"}e,f), indicating that a higher ILs concentration can allow graphene to obtain high-density modification.

FTIR spectra were employed to explore the chemical structure of functionalized MLG. [Figure 4](#materials-12-02800-f004){ref-type="fig"} shows the FTIR spectra of the untreated graphite ([Figure 4](#materials-12-02800-f004){ref-type="fig"}a), MLG1 ([Figure 4](#materials-12-02800-f004){ref-type="fig"}b), and MLG1-KH550 ([Figure 4](#materials-12-02800-f004){ref-type="fig"}c), respectively. After modification with (BSO~3~HMIm)(HSO~4~) ILs, new absorption peaks at 1230 and 1566 are assigned to O--SO~2~--O stretch vibration and H--C=C--H scissoring vibration, respectively \[[@B34-materials-12-02800],[@B35-materials-12-02800]\]. The new peaks at 1640 and 1690 cm^−1^ are assigned to imidazolium framework vibration, which belong to (BSO~3~HMIm)(HSO~4~) ILs. Compared with the spectra of MLG1 and MLG1-KH550, the peak at 2875 cm^−1^ is assigned to methylene stretch vibration \[[@B36-materials-12-02800]\]; the strong and broader characteristic peaks are located at 1032 to 1082 cm^−1^ due to Si--O--C and Si--O--Si bonds \[[@B30-materials-12-02800],[@B33-materials-12-02800]\], suggesting the introduction of KH550 (in [Figure 4](#materials-12-02800-f004){ref-type="fig"}c). The peak at 3000 cm^−1^ is assigned to the NH~3~^+^ stretching mode, indicating that ammonium groups can react with (BSO~3~HMIm)(HSO~4~) ILs \[[@B32-materials-12-02800]\].

XPS was used to further analyze the chemical state of typical elements for functionalized graphene. The full-range XPS spectrum of original graphite displays only C 1s peak in [Figure 5](#materials-12-02800-f005){ref-type="fig"}a from the graphite's carbons, which could be fitted into C--C bonds at 284.6 eV and O--C=O bonds at 285.4 eV. For XPS of MLG1 sample in [Figure 5](#materials-12-02800-f005){ref-type="fig"}b, the O 1s peak could be clearly distinguished from its full-range XPS spectrum; its C1s spectrum could be fitted into five different components including C--C bonds at 284.6 eV, C=C bonds at 283.9 eV, C=N bonds at 285.5 eV, C--S bonds at 286.3 eV, and C--N bonds at 287.2 eV, indicating that (BSO~3~HMIm)(HSO~4~) were successfully introduced on the interlayer/basal plane of multilayer graphene \[[@B37-materials-12-02800],[@B38-materials-12-02800],[@B39-materials-12-02800]\]. Compared with [Figure 5](#materials-12-02800-f005){ref-type="fig"}a,b, new peaks of N1s and Si2p could be identified in the full-range spectrum of MLG1-KH550 in [Figure 5](#materials-12-02800-f005){ref-type="fig"}c, and its C1s spectrum could be fitted into five characteristic components including C--Si (283.8 eV), C--C (284.6 eV), C=N (285.5 eV), C--N (287.2 eV), C--S (286.3 eV). A new peak at 283.8 eV represents the C--Si bonds from KH550, ensuring the successful grafting reaction between (BSO~3~HMIm)(HSO~4~) and KH550.

The elemental ratio of MLG1-KH550, MLG2-KH550, and MLG3-KH550 was explored by XPS spectra (as shown in [Table 1](#materials-12-02800-t001){ref-type="table"}). The N/O ratio of MLG1-KH550 is 0.267, close to the theoretic value of 0.286 for (BSO~3~HMIm)(HSO~4~), indicating that the KH550 layer is partly covered on the graphene surface. From MLG1-KH550 to MLG3-KH550, the N/O ratio increases from 0.267 to 0.373, close to the theoretical value of 0.33 for KH550. Meanwhile, the Si/C ratio increases from 0.065 to 0.106, close to the theoretical value of 0.111 for KH550. Therefore, it can be assumed that a high concentration of ILs can effectively increase the thickness of the KH550 grafted layer.

Raman spectroscopy plays an important role in the characterization of the features of sp^2^ hybridized carbon \[[@B40-materials-12-02800]\]. Raman spectra of graphene can provide very useful information about the change of band shift and the appearance of new peaks. Compared with pure graphite, both the characteristic peaks of D and G band become stronger and broader ([Figure 6](#materials-12-02800-f006){ref-type="fig"}a). Meanwhile, the intensity ratio of functionalized MLG (ID/IG ≈ 1) obviously increases, indicating a successful modification \[[@B34-materials-12-02800]\]. In [Figure 6](#materials-12-02800-f006){ref-type="fig"}b, a new peak at 2941 cm^−1^ further verifies that (BSO~3~HMIm)(HSO~4~) ILs are successful adhered to graphene via physicochemical interaction. Moreover, the 2D band can be used to confirm the layers of graphene, which is sensitive to graphene thickness due to the dispersion of π electrons \[[@B41-materials-12-02800]\]. As the layers increase, the 2D band could become broader and blue-shifted. However, the shape of the 2D band becomes hardly distinguishable between two and a few layers of graphene \[[@B42-materials-12-02800],[@B43-materials-12-02800]\]. In [Figure 6](#materials-12-02800-f006){ref-type="fig"}b, the shape of the 2D band becomes broader for the MLG, indicating that it is a multilayer structure \[[@B44-materials-12-02800]\]. It is worth noting that the 2D peak of functionalized MLG shifts to low frequency (red-shift), indicating that the band structure of functionalized MLG transforms into a graphene-like material ([Figure 6](#materials-12-02800-f006){ref-type="fig"}b) \[[@B34-materials-12-02800]\].

Thermogravimetric (TG) curves of graphite, MLG1, MLG1-KH550, and (BSO~3~HMIm)(HSO~4~) are shown in [Figure 7](#materials-12-02800-f007){ref-type="fig"}. The TG curve of original graphite shows almost no weight loss from 30 °C to 800 °C due to its excellent thermal stability. MLG1 causes a weight loss of 29 wt % from 30 °C to 800 °C, mainly depending on the thermal decomposition of (BSO~3~HMIm)(HSO~4~), while pure (BSO~3~HMIm)(HSO~4~) shows a serious decomposition (weight loss of approximately 98 wt %), suggesting that the higher the density of (BSO~3~HMIm)(HSO~4~) there is on graphene, the more weight loss occurs. After grafting with KH550, the weight loss of MLG1-KH550 is 19 wt %, indicating higher thermal stability of MLG1-KH550 under the same calcination procedure.

The combination of the above experimental results confirms that graphene has been functionalized by (BSO~3~HMIm)(HSO~4~) ILs and further grafting with KH550, which could offer excellent dispersion into the XNBR matrix and could enhance the interface interaction between graphene and the XNBR matrix, thereby improving the performance characteristics for practical applications.

3.2. Dynamic Mechanical Properties {#sec3dot2-materials-12-02800}
----------------------------------

DMA is a useful tool to evaluate the interfacial interaction of polymer composites \[[@B45-materials-12-02800]\]. Thus we used DMA to explore the dynamic mechanical properties at a frequency of 1 Hz and a strain amplitude of 20 μm. As seen in [Figure 8](#materials-12-02800-f008){ref-type="fig"}b--d, the storage modulus of XNBR/MLG1-KH550 is higher than the XNBR/MLG1 at a temperature range below the glass transition temperature (T~g~). From [Figure 8](#materials-12-02800-f008){ref-type="fig"}a--d, the storage moduli of XNBR/MLG2-KH550 and XNBR/MLG3-KH550 are obviously higher than those of pure XNBR, XNBR/MLG1, and XNBR/MLG1-KH550 at a temperature range below the glass transition temperature (T~g~). As shown in [Figure 8](#materials-12-02800-f008){ref-type="fig"}c, the storage modulus of XNBR/MLG3-KH550-1.0wt % increases to 2926 MPa at −60 °C, which gives the highest storage modulus. With the increase in filler content, the storage modulus of XNBR/MLG3-KH550-2.0wt % decreases and is close to that of XNBR/MLG2-KH550-2.0wt % in [Figure 8](#materials-12-02800-f008){ref-type="fig"}d. It is interesting to note that KH550-grafted graphene with a higher density can effectively increase the storage modulus. This mainly depends on the high interfacial interaction and graphene's performance characteristics between functionalized graphene and the XNBR matrix.

From [Figure 9](#materials-12-02800-f009){ref-type="fig"}a--d, the loss factors ( tanδ ) of all nanocomposite samples are higher than the pure XNBR. The T~g~ of XNBR/MLG1 and XNBR/MLG1-KH550 are obviously shifted to a lower temperature from [Figure 9](#materials-12-02800-f009){ref-type="fig"}a--d, indicating a decrease in the cross-link density in the XNBR matrix \[[@B46-materials-12-02800]\]. The T~g~ of XNBR/MLG2-KH550 and XNBR/MLG3-KH550 are obviously higher than that of pure XNBR. In previous works \[[@B47-materials-12-02800],[@B48-materials-12-02800]\], similar results have been reported due to the improvement of interfacial interaction between fillers and the matrix.

3.3. Morphology of XNBR Composites {#sec3dot3-materials-12-02800}
----------------------------------

The dispersity of the functionalized graphene sheets in the XNBR matrix was characterized by TEM images. The darker lines are viewed as a layer structure of functionalized graphene sheets, while the gray regions are identified as the XNBR matrix. As shown in [Figure 10](#materials-12-02800-f010){ref-type="fig"}a,b, the MLG1-KH550 sheets with a thin grafted layer of KH550 formed an apparent stack in the XNBR matrix due to the hydrophobic interactions of graphene. Similar images have been reported in previous studies \[[@B49-materials-12-02800],[@B50-materials-12-02800]\]. In [Figure 10](#materials-12-02800-f010){ref-type="fig"}c, the stacking of MLG2-KH550 sheets causes an obvious decline in the XNBR matrix. At the higher magnification in [Figure 10](#materials-12-02800-f010){ref-type="fig"}d, it can be observed that the graphene sheets with a thicker grafted layer of KH550 are loosely stacked. It can be seen from [Figure 10](#materials-12-02800-f010){ref-type="fig"}e,f that MLG3-KH550 sheets with the thickest grafted layer of KH550 are well dispersed in the XNBR matrix (regions highlighted by red arrows). Therefore, it can be assumed that a higher grafted layer of KH550 can prevent the overstacking of graphene sheets in the XNBR matrix, thereby improving the corresponding dynamic mechanical properties.

To allow for practical application of high-performance rubbers, a high-efficiency and environmentally friendly method has been proposed to prepare functionalized multilayer graphene as a filler. This work demonstrates that multilayer graphene can be modified by (BSO~3~HMIm)(HSO~4~) via an electrochemical exfoliation of the graphite procedure and can be further grafted with KH550 via (BSO~3~HMIm)(HSO~4~) ILs as a high-performance platform for interactions. The efficient modification of graphene improves its compatibility in the XNBR matrix. The functionalized multilayer graphene greatly improves the dynamic mechanical properties of XNBR, which we can attribute to the enhancement in the interaction between functionalized multilayer graphene and the XNBR matrix.

4. Conclusions {#sec4-materials-12-02800}
==============

Functionalized multilayer graphene was prepared via electrochemical exfoliation of graphite with in situ modification of ionic liquids and further grafting of KH550. As-prepared graphene as a filler in XNBR was investigated for its dynamic mechanical properties. The following conclusions can be obtained:

\(a\) Functionalized graphene prepared by electrochemical exfoliation of graphite in an ionic liquids solution and further grafting of KH550 is an environmentally friendly and high-efficiency method for the improvement and development of graphene-like materials;

\(b\) KH550-grafted graphene with a higher density can effectively enhance the dynamic mechanical properties, mainly due to the beneficial interactions of functionalized graphene and the XNBR matrix;

\(c\) KH550-grafted graphene as a nanoscale reinforcement can overcome stacking problems and enhance the dynamic mechanical properties. So, it is of great significance for preparing a high-performance nanocomposite for real-world applications.
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![Flowchart for the fabrication process of functional multilayer graphene (MLG) and XNBR/MLG-KH550. (**a**) KH550 can easily hydrolyze in water and alkyl siloxane hydrolysis into silanol; (**b**) SO~3~H-functionalized ILs can react with amines to stabilize amino silane (KH550).](materials-12-02800-g001){#materials-12-02800-f001}
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TEM images of (**a**,**b**) MLG1, (**c**,**d**) MLG2,and (**e**,**f**) MLG3.
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![FTIR spectra of (**a**) pure graphite, (**b**) MLG1, and (**c**) MLG1-KH550.](materials-12-02800-g004){#materials-12-02800-f004}

![Full-range XPS spectra and high-resolution C1s spectra on (**a**) pure graphite, (**b**) MLG1, and (**c**) MLG1-KH550.](materials-12-02800-g005){#materials-12-02800-f005}

![Comparison of Raman spectra for pure graphite and \[BSO~3~HMIm\]\[HSO~4~\] ILs-modified multi-layers graphene (MLG). Raman spectra of (**a**) D and G band, (**b**) 2D band.](materials-12-02800-g006){#materials-12-02800-f006}

![Thermogravimetric analysis results of pure graphite, MLG1, MLG1-KH550, and (BSO~3~HMIm)(HSO~4~).](materials-12-02800-g007){#materials-12-02800-f007}

![Temperature-dependent storage modulus of (**a**) XNBR/MLG-KH550-0.2wt %, (**b**) XNBR/MLG-KH550-0.5wt %, (**c**) XNBR/MLG-KH550-1.0wt %, and (**d**) XNBR/MLG-KH550-2.0wt %.](materials-12-02800-g008){#materials-12-02800-f008}

![Temperature-dependent loss factors (tanδ) of (**a**) XNBR/MLG-KH550-0.2wt %, (**b**) XNBR/MLG-KH550-0.5wt %, (**c**) XNBR/MLG-KH550-1.0wt %, and (**d**) XNBR/MLG-KH550-2.0wt %.](materials-12-02800-g009){#materials-12-02800-f009}

![HRTEM images of (**a**,**b**) XNBR/MLG1-KH550-1wt %, (**c*,*d**) XNBR/MLG2-KH550-1wt %, and (**e**,**f**) XNBR/MLG3-KH550-1wt % composites.](materials-12-02800-g010){#materials-12-02800-f010}

materials-12-02800-t001_Table 1

###### 

Atomic ratio of MLG1-KH550, MLG2-KH550, and MLG3-KH550 measured by XPS analysis.

  Samples      Element Content (at %)   Ratio of Elements                         
  ------------ ------------------------ ------------------- ------ ------ ------- -------
  MLG1-KH550   78.54                    12.89               3.45   5.12   0.267   0.065
  MLG2-KH550   69.83                    17.16               6.12   6.89   0.357   0.099
  MLG3-KH550   68.26                    17.83               6.65   7.26   0.373   0.106
